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Abstract

Migraine is a disabling and recurrent neurological disorder characterized by headache attacks that are often accompanied by
sensory and motor disturbances. The value and importance of reliable biomarkers in migraine have been long recognized and
a diverse range of biomarkers from biological samples to electrophysiological patterns and brain imaging has been proposed.
There is still no consensus on specific biomarker(s) for migraine. Ideally, not a single but a battery of biomarkers would provide
a multidisciplinary way to understand and treat migraine better. Translational research has witnessed an escalating number of
studies on microRNAs (miRNAs) during the last decade. Identification of the first miRNA occurred in 1993, and currently more
than 2000 human miRNAs have been recognized. miRNAs are a group of endogenous small non-coding molecules that play a key
role in post-transcriptional gene processes and hence are involved in health and disease. miRNAs have already been found to be
involved in the onset and progression of several human disorders including chronic pain conditions; however, there have been far
fewer studies in migraine and other headaches. Current evidence does suggest that miRNAs play a role in migraine and its relief
and hence these molecules are proposed as potential migraine biomarkers. This review updates the current evidence for the role
of miRNAs in migraine; including their potential as biomarkers, with a role in understanding of its pathogenesis, the population
at risk, diagnosis, patient stratification, chronification risk factors, response to treatments, and miRNA-based therapeutic options.
Limitations exist and further research is required to completely unwrap the potential of miRNAs in migraine research and practice.

Biomarkers for migraine are characteristics that can be
obejectively measured to assist in diagnosis, improve
the understanding of its pathogenesis, and responsive-
ness to treatment.

1 Introduction to Migraine

Migraine is one of the most common neurological disorders
and has been listed among the top ten sources of disability
[1]. Consequently, it causes a lowered quality of life and
poses an economic burden to society due to direct treatment
costs and indirect loss of employment and lowered work pro-

The non-coding RNA family has offered a promising
set of biomarker candidates, one of which is microR-
NAs (miRNAs); miRNA expression profiles are altered
in many disorders, including migraine.

miRNAs can be extracted from almost every body tissue
and bio-fluid, including saliva, which offers non-invasive
sample collection.

Biomarker-based drug discovery and clinical trials are
emerging in migraine.
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ductivity [2]. Migraine occurs in pediatric, adult, and geriat-
ric populations and demonstrates sex- and age-related phe-
notypes [3, 4]. Currently, the diagnosis of migraine is based
on classification of headaches by the International Head-
ache Society (3rd edition of the International Classification
of Headache Disorders [ICHD-3]) [5], relying on clinical
manifestations of associated symptoms including recurrent
episodes of headache attacks lasting 4-72 h accompanied by
sensory and motor disturbances [6]. Migraine appears with
and without aura [7, 8]; at present, it is still controversial as
to whether these are two distinct disorders or if they share a
common initiating signaling pathway [9-11]. However, it is
generally accepted that aura is a manifestation of cortical-
spreading depression that occurs prior to migraine pain; it
occurs in 20% of individuals [8, 12], mostly in the form
of a visual aura [13]. Extensive investigation has revealed
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that the pathogenesis of migraine is complex [14], involves
several regions of the nervous system, and is influenced by
genetic factors [15, 16] and epigenetics [17-19]. Migraine
is classified as episodic (EM; fewer than 15 migraine or
headache days per month) or chronic (CM; during a 15-day
period, 8 or more are migraine days) [20, 21]. Chronifica-
tion of migraine has been explained partly by epigenetic
mechanisms [18]. The hypothesis is that in migraine, fre-
quent headache attacks may lower the threshold for sub-
sequent attacks and synaptic plasticity occurs, resulting in
a feed-forward loop, which may promote stable epigenetic
changes and chronification [18]. Psychological stress and
sex hormones are known to exert their effects in migraine,
at least in part, through epigenetic mechanisms [17]. Hence,
research is ongoing for disease modification in migraine by
application of epigenetic approaches. Indeed, precision med-
icine has now been considered for migraine relief [17, 22], in
which integration of genomic data, functional investigation,
and data from biomarker-driven clinical trials can facilitate
migraine molecular profiling to offer a multidisciplinary
approach for treatment [22].

Therapeutic options for migraine, both abortive and pro-
phylactic agents, are available [23], but are either only effec-
tive in a proportion of patients or carry off-target effects
[24]. Recent studies have introduced new therapeutic agents
for migraine that were developed following a ‘translational’
approach and ‘biomarker-based’ drug discovery process, in
which calcitonin gene-related peptide (CGRP) was consid-
ered the initiative biomarker [25-27]. Both antagonists of
CGRP receptor and antibodies against CGRP peptide and its
receptor are being developed [26, 28], some of which have
already been marketed [29, 30].

2 Biomarkers in Migraine

Recognition of the value and importance of reliable bio-
markers in migraine is not a new concept and dates back to
the 1990s [31]. The concept of biomarkers has been investi-
gated for migraine diagnosis, providing insights into patho-
physiology of migraine, response to treatment, and for drug
development strategies. Over the years, several substances,
e.g., neurotransmitters, neuropeptides, gliotransmitters, and
hormones, have been proposed as potential biomarkers of
migraine [32-35], including cytokines, homocysteine, sero-
tonin, hypocretin-1, CGRP, and glutamate [36, 37]. Still,
there are no commonly accepted, established, and validated
biomarker(s) for migraine despite extensive interest and
investigation, and perhaps this is partly due to the fact that
many of these proposed substances are not solely specific to
migraine [36]. Small study sample sizes, a diverse range of
applied methodological approaches, lack of standard guide-
lines for sampling, assays and analysis, and non-uniform
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inclusion and exclusion criteria are also among potential
contributors for the current inconclusive outcomes in the
field of migraine biomarkers. A review from 2006 [38] pre-
sented several ‘types’ of biomarkers in migraine, including
bio-fluid-based biomarkers, as well as their potentials, limi-
tations, and practical applications [35, 38, 39]. According to
the biomarker definition [40, 41], “a biomarker is a charac-
teristic that is objectively measured and evaluated as an indi-
cator of normal biologic processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention”.
Hence, migraine biomarkers are characteristics that can be
objectively measured to assist in migraine diagnosis, under-
standing pathogenesis, and responsiveness to treatments
[36]. Besides potential migraine biomarkers that have been
reported in biological samples (e.g., blood, urine, cerebro-
spinal fluid), there are also gene marker or gene products,
X-ray, magnetic resonance or computed tomographic imag-
ing findings, and patterns of electrocardiogram, electroen-
cephalogram, or nerve conduction [35, 42]. Considering this
broadness in the spectrum of migraine biomarkers, one can
recognize considerable research potential in the understand-
ing of migraine, in addition to the clinical potential for rec-
ognition of individuals at risk, improvement in diagnosis of
migraine and to follow-up treatment response, disease phe-
notypes, or disease progression [31, 34]. One must consider
important limitations of biomarkers in general, including
concerns with validity, reliability, accuracy, and precision
[43]. Similar to any other field, a combination of biomarkers
might be more useful than a single marker to improve sensi-
tivity and specificity [44]. Ethical and legal considerations
and the associated expenses in the use of biomarkers [45]
are also among the important factors to consider regarding
use of biomarkers in the health sector [46].

Research is underway to identify novel, suitable, and
effective biomarker candidates for migraine [34]. An ideal
bio-based biomarker presents with high specificity, high sen-
sitivity, early detection, and significant variation in levels
during the different stages of a given disorder, with predic-
tive potential, a long half-life, robustness, and translatable
characteristics that can be assessed non-invasively in cir-
culating bio-fluids [47]. Discovery of the non-coding RNA
family has offered a promising set of biomarker candidates
[48-50]. Non-coding RNAs can be divided in long non-
coding RNAs (IncRNAs; > 200 nucleotides) and small non-
coding RNAs (up to 22 nucleotides; microRNAs [miRNAs;
miRs]) [51]. These classes are both reported to be involved
in migraine [31, 52]; however, the high degree of stability
of miRNASs [53] has identified them as attractive biomarkers
and, so far, these have been most extensively studied [31].
miRNAs were identified for the first time in Caenorhabditis
elegans [54] and are key regulators of gene expression at the
post-transcriptional level [55], either by inhibition of trans-
lation or by leading to degradation of the messenger RNA
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(mRNA) target [45]. Advancement in technology has per-
mitted isolation of these small molecules and the pattern of
their alterations in body tissues or body fluids. For example,
next-generation sequencing (NGS) is emerging as the pre-
ferred method for miRNA profiling; it offers high sensitivity,
single-nucleotide resolution, and the possibility to profile
a considerable number of samples in parallel [56]. Due to
their cell-specific expression, miRNAs can provide mecha-
nistic links to underlying pathological mechanisms of human
diseases [57]. Altered levels of these stable circulating bio-
markers in bio-fluids can also assist in clinical diagnosis,
selecting appropriate treatment strategies, and monitoring
treatment responses [58]. This review presents current evi-
dence on potential use of miRNAs as migraine biomarkers
for different purposes, from diagnosis to treatment.

2.1 MicroRNAs (miRNAs)

Post-transcription regulation of genes by miRNAs accounts
for 30% of all protein-coding genes [59]. According to miR-
Base version 22, 1917 human precursors and 2656 mature
miRNAs have been identified in humans [60]. A recent study
has experimentally extrapolated 2300 true human mature
miRNAs, of which 1115 are currently annotated in miR-
Base [61]. Downregulation of gene expression by miRNA
at the post-transcriptional level is done either by degradation
of specific mRNAs, mRNA when fully paired to the seed
region binding site of the mRINA target, or by inhibition of
translation through partial base-pairing to complementary
sites [62, 63]. Conversely, miRNAs might upregulate trans-
lation by other mechanisms [64]. Hence, upregulation or
downregulation of miRNAs can either provide disease pro-
tection or potentiate disease states, and circulating miRNAs
can therefore be potential biomarkers of health and disease
[47]. Consequently, they can be used for a diverse range
of purposes, one of which is disease diagnosis [65-67]. A
comprehensive overview on miRNA biogenesis, regulation,
and cross-talk with other cellular pathways can be found in
excellent recent reviews [55, 68].

During pathological conditions in patients, specific miR-
NAs are altered compared with healthy controls and this
pattern change can be utilized as a molecular biomarker for
disease diagnosis. In fact, along with a wide range of can-
cers, a significant correlation has been identified between
specific miRNAs and certain other diseases, including epi-
lepsy [69], Alzheimer’s disease [70], cardiovascular diseases
[71], infectious diseases [72], diabetes mellitus [73], and in
conditions where neuroinflammation is underlying mecha-
nism of diseases [74]. Rationally, identification of miRNAs
involved in diseases has potentiated research in targeting
them. Due to their small size, relative ease of delivery, and
sequence specificity in recognizing their targets, miRNAs
are also considered promising therapeutic targets [75, 76].

2.1.1 miRNAs and Pain

miRNAs have also been explored in pain [77-82] and head-
ache, including migraine [18, 31, 83-86], and findings from
current data have also proposed great benefits for clinical
diagnostic and therapeutic applications of miRNAs in pain
and headache.

miRNAs in pain is a large area to cover and beyond the
main scope of this review; therefore, it is only briefly dis-
cussed here with the purpose of providing some insights that
can also be applied in migraine research and for inspirational
purposes for further research. Readers are encouraged to see
the excellent reviews that are available for updated com-
prehensive overviews on miRNA in pain [77, 78, 80, 81,
87-92], miRNA signatures in animal models of pain [93-95]
(see Fig. 1) and a number of pain conditions in humans (see
Table 1), miRNA modulation in analgesic research [95-98],
and potential therapeutic targets [99, 100] (see Fig. 2).

miRNA expression profiles are altered in several pain-
related disorders such as visceral pain [106], complex
regional pain syndrome (CRPS) [82, 107], endometriosis
[108], fibromyalgia [102], osteoarthritis [105], and rheuma-
toid arthritis [109]. Several basic studies have also examined
alterations in miRNA expression in tissue samples collected
from rodent models of inflammatory and neuropathic pain
[81, 95]. It is therefore promising to consider circulating
miRNAs (and potentially other non-coding RNAs) that can
be associated with both nociceptive and neuropathic ori-
gins of pain syndromes [79]. Both neuronal and immune
alterations in the peripheral and central nervous system have
been found important in pathogenesis of pain [110]. Inter-
estingly, miRNAs (and other non-coding RNAs) regulate
both immune and neuronal processes [91]. miRNAs control
functions of neurons, glia, and immune cells and regulate
signals for cross-talk between neuronal and immune systems
in pain signaling [91]. Therefore, miRNAs can act as master
switches of pain modulation and, hence, identification of the
pattern of miRNA expression, and its variations in different
pain conditions [111] may provide benefit as biomarkers for
nociception, pain, endogenous analgesia, and the analgesic
response to therapeutics [91]. Indeed, it has been found that
circulating miRNA levels are altered by pharmacological
treatments, including analgesics, indicating a potential role
for miRNA in mediating drug effects [96]. Drug modulation
of miRNA may regulate downstream effectors responsible
for therapeutic effects of a given drug, e.g., p-opioid recep-
tors [112]. miRNAs and miRNA polymorphisms can also
modify a drug response [113]. miRNA-based therapeutics
in pain may have superior advantages by targeting multiple
pain-associated genes [91]. Moreover, modulating several
miRNAs is useful in attenuating or preventing pain [81].

The potential therapeutic impact of miRNAs in pain is
as yet largely unexplored. To date, therapeutic approaches
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Fig. 1 The overlaps between
dysregulated microRNAs (miR-
NAs; miRs). The circles include
miRNAs that have been mainly
implicated in nociceptive pain,
neuropathic pain, bone cancer
pain, microglia and morphine
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Table 1 Examples of painful disorders where serum microRNA aberrations are associated with symptomatology. Reused with permission from
Andersen et al. [101], license number: 4675280847229, Elsevier and Copyright Clearance Center

Condition

Study (year)

miRNAC(s)

Sample/sample size

Orlova et al. (2011) [82]

Bjersing et al. (2013) [102]

Zhou et al. (2010) [103]

Fibromyalgia

Irritable bowel syndrome

Complex regional pain syndrome () miR-939, -25, -7c, -7a, -7b, -320b,
-126, -629, -664, -320, -1285, -625,
-532-3p, -181a

(1) RNU48% RNU44% miR-720, -1201

(1) miR-21-5p, 145-5p, 29a-3p, 99b-
5p, 125b-5p, 23a-3p, 23b-3p, 195-
5p, miR-223-3p

(1) miR-29a

‘Whole blood/41 patients, 20 controls

Cerebrospinal fluid/10 patients, 20
controls

Serum micro-vesicles/19 patients, 10
controls

Serum/10 patients, 10 controls
(screening); 60 patients, 25 controls
(validation)

Wang et al. (2013) [104] Endometriosis (1) miR-199a miR-122
(]) miR-145a-3p, -141-5p, -542-3p,
-9-3p
Beyer et al. (2015) [105] Osteoarthritis (]) let-7e, miR-454, -885-5p

miRNA (miR) microRNA, 1 indicates increase, | indicates decrease

#Note that these are proposed endogenous control miRNAs, but are found significantly dysregulated

have been mainly applied in rodent models. For example,
miR-124 is upregulated after chronic constrictive nerve
injury (CCI); intrathecal administration of miR-124 can
prevent and treat persistent inflammatory and neuropathic
pain [114]. Investigation is also ongoing on miRNAs that
can be druggable molecular targets for pain [91]. Two of
the more straightforward approaches for miRNA modula-
tion are miRNA mimics and antagomirs [115]. Alternative
methodologies are being used in the experimental setting,
including miRNA sponges [116]. An important difficulty in
developing neuronal miRNA therapeutics is delivery, since
targeting the brain may involve crossing the blood—brain
barrier [117, 118]. Another point to consider is off-target
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effects [91]. Nevertheless, therapeutic efficacy of certain
approaches such as the use of LNA (locked nucleic acid)
antagomirs has been demonstrated [119], and certain neu-
ronal miRNA therapeutic approaches are now in preclinical
development [120].

In addition to the potential for application of miRNA
in diagnosis and treatment in pain conditions, assessing
miRNA changes before and after treatment could provide
insights into miRNA signatures and its alteration in good
responders, placebo responders, and poor responders. For
example, hsa-miR-124 expression in CD4 T cells in chronic
low back pain has been shown to be predictive of treatment
response [121]. Therefore, samples from both failed and
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Fig.2 MicroRNA (miRNA; miR) mimics and inhibitors adminis-
tration in different rodent models of pain. Specific miRNAs that are
altered in animal models of nociceptive pain (formalin, complete
Freund’s adjuvant [CFA] or carrageenan injection), neuropathic pain
(chronic constriction injury [CCI], partial sciatic nerve injury [SNL],
spinal cord injury [SCI], spared nerve injury, or ventral root transec-
tion [VRT]), and cancer-related pain (bone cancer pain [BCP]) have
been identified as potential therapeutic targets. Schematic indicates

successful clinical trials can provide meaningful insights and
guidance for design of future clinical trials [96], assist ongo-
ing trials, and clinical applications such as decision-making
regarding choice or response to treatment [53]. miRNAs are
also expected to have potential for personalized pain medi-
cine as biomarkers for risk assessment, drug selection, and
non-pharmacological strategies for pain relief [80].

2.1.2 miRNAs and Migraine

The literature demonstrates that miRNAs play a role in
migraine [17, 31, 73]. This role is yet to be clarified, but
altered miRNA levels in human bio-fluids can be used as a
potential biomarker in differentiation of, for example, pri-
mary headache disorders such as cluster headache, tension-
type headache, and migraine; phases of a headache disorder,
such as migraine phases; types of a headache disorders, such
as EM versus CM; or could even provide more insight into
migraine with and without aura.

miRNA alterations that occurred during migraine attacks
and pain-free periods were investigated by our group [86,
122]. Migraineurs and age- and sex-matched healthy con-
trols were included from two cohorts and serum miRNA
profiles of migraineurs during attacks, and pain-free periods
in comparison with healthy controls were assessed by high-
content serum miRNA arrays. Of the 372 assessed, 32 miR-
NAs were found differentially expressed and miR-34a-5p,

that viral vectors (lentivirus [LV], herpes simplex virus [HSV], or
adeno-associated virus [AAV]), stabilized locked nucleic acid mim-
ics, miRNA agomir or antagomir, and anti-miRNA oligonucleotides
(AMO) are therapeutic strategies that have successfully reversed pain
phenotypes. Reused with permission, copyright © 2018 Dai et al.
[95], The Creative Commons Attribution License (CCBY), https://
doi.org/10.3389/fnmol.2018.00080

miR-29¢-5p, miR-382-5p, and miR-26b-3p were selected for
further analysis. During migraine attacks, an acute upregula-
tion in miR-34a-5p and miR-382-5p expression was evident.
Interestingly, miR-382-5p, which exhibited an upregulation
during an attack, also presented differentiation in pain-free
periods in migraine patients compared with the healthy
control group. This study [86] showed that miRNA aber-
rations occur in migraine attack, but also that some altera-
tions remain sustained in pain-free periods. Opposite to our
findings, another study published in 2014 [123] failed to
demonstrate any differences in miRNA expression profiles
of blood cells in migraine. This study recruited 20 migraine
patients (EM and CM, with and without aura) together with
five healthy controls. The patient group and controls were
best matched for age, sex, and family history of migraine. To
profile miRNA expression in this study, RNA was extracted
from peripheral blood mononuclear cells (PBMCs) and the
results did not show any differences in miRNA expression
in these cells in migraine. The authors consequently pro-
posed that cell sources for miRNA profiling might be an
important factor as miRNAs are cell-specific. Therefore,
the results might be different if, for example, the assay can
be explored in brain tissue [123], most likely postmortem,
as is done for Alzheimer’s disease [70]. Inconsistency in
results between this study and ours might also be related to
different issues. For example, it could stem from technical
variations or limitations in comparability due to differences
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in patient groups. To improve comparability, patients must
be cautiously selected, profiled, and grouped so that a direct
comparison could be made between studies. This point high-
lights the value of having a standardized analytical protocol,
storage time, and quantification method for future studies
including multicenter comparisons [70]. Recently, a final
report became available from the same group of research-
ers that received funding in 2015 for the so-called micro-
MIG study from the Migraine Research Foundation (2015
Migraine Research Foundation research grantee: Patricia
Pozo Rosich) [124]. This report does not specify differen-
tially expressed miRNAs that were found in PBMCs of EM
and CM patients compared with healthy controls. However,
it does note “5 significant differentially expressed miRNAs
between healthy controls and all migraineurs (CM+EM), 10
between controls and CM, and 8 between controls and EM”
[124]. The researchers involved in this study note that they
intend to continue their study in a local and a heterogeneous
international cohort.

In line with the importance of careful consideration of
patient groups and clinical characteristics, a pilot study has
profiled miRNA in migraine without aura [84] with the aim
of identifying differentially expressed circulating miRNAs
in migraine without aura. Migraine patients without aura
(15 females) and matched healthy controls were profiled for
their circulating miRNA expression. Several miRNAs were
selected and validated by quantitative real-time polymer-
ase chain reaction (QRT-PCR), including miR-22, miR-26a,
miR-26b, miR-27b, miR-29b, let-7b, miR-181a, miR-221,
miR-30b, and miR-30e [84]. The results demonstrated four
differentially expressed miRNAs when patients were com-
pared with healthy matched controls. miR-27b was signifi-
cantly upregulated, and miR-181a, let-7b, and miR-22 were
significantly downregulated [84]. Downregulation of miR-22
and let-7b was also found in circulating blood monocytes.
Based on their findings, the authors proposed that a specific
circulating miRNA profile is associated with migraine with-
out aura. Interestingly, similar miRNAs are known to also be
involved in atherosclerosis and stroke conditions in humans.
Hence, the authors suggested that miRNA alteration might
be an explanation for a link between migraine without aura
and cardiovascular risk that was still debated [84].

The link between vascular dysfunction and migraine also
attracted the interest of another group of researchers [73].
It has been reported that migraine could potentiate cardio-
vascular risks in affected patients. Indeed, migraine patients
have been found to have a two-fold higher risk of ischemic
stroke, and the higher the frequency of attacks, the higher the
risk. In this regard, women and those of a younger age are
more at risk than other groups [73]. A group of investigators
[85] looked into circulating endothelial-specific miRNAs in
migraine patients. Their hypothesis was based on reports that
vascular dysfunction in migraine was remarkable. Therefore,
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this study explored whether circulating levels of the miR-
NAs that are known to be associated with endothelial func-
tion are the ones that are also altered in migraine [85]. Thirty
migraine patients without vascular risk factors and sex- and
age-matched healthy controls were recruited. Expression
levels of miR-155, miR-126, miR-21, and let-7 g—four
miRNAs that regulate endothelial function—were assessed
and compared with controls. In addition, miRNA levels were
tested for an association with headache characteristics and
co-morbidity with syncope. The study results reported that
miR-155, miR-126, and let-7 g were elevated in migraine
patients and that, interestingly, miR-155 and miR-126 were
also associated with syncope frequency in the past year in
migraine patients. In this study, patients both with and with-
out aura were included, and analysis presented no signifi-
cant difference in expression of miRNA levels in migraine
patients with aura compared with those without aura [85].
Although most results showing an association with a higher
risk of cardiovascular events concern migraine with aura,
studies [125, 126] also suggest an increased risk in migraine
without aura.

In the pathogenesis of migraine, the origin of pain is
still being debated and there is evidence of both peripheral
and central origins. The literature supports the idea that the
initiation of headache in migraine may involve nociceptive
signals that originate in pain-sensitive intra- and extra-
cranial regions, and that signals travel through peripheral
nociceptors to central trigeminovascular neurons [125-131].
In an attempt to identify one of the extracranial sources of
migraine pain [132], a group of researchers compared the
number of copies of gene transcripts (MRNA) that encode
proteins known to play roles in inflammatory and immune
responses [133]. In addition, they looked into the number
of copies of molecules that regulate the expression of those
genes (mMiRNA) in periosteum tissue from CM patients
and healthy controls [133]. This study revealed that 36 of
524 mRNAs and 27 of 726 miRNAs were differentially
expressed in periosteum samples in CM patients. The
results demonstrated that 25 genes were upregulated, and
they encode pro-inflammatory proteins. The downregulated
genes (11) were those that are involved in the anti-inflam-
matory process. miRNA sequences were identified and of
27 post-transcripts, 11 had low transcript levels and these
regulate expression of pro-inflammatory genes; high levels
were reported for the 16 that regulate expression of anti-
inflammatory genes. These findings support the importance
of the molecular environment (in this case, periosteal pain
fiber) and the point that expression of genes that promote
inflammation could potentially be linked to migraine [132,
133].

Another group of researchers looked into miR-30a and
whether it can possibly relieve migraine by degrading
the calcitonin/alpha-CGRP gene (CALCA) [83]. These
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researchers obtained blood samples from migraine patients
and healthy controls to investigate both the relation-
ship between and underlying mechanism of miR-30a and
migraine. Results from this study revealed that miR-30a
expression in migraine patients were significantly lower
than in healthy controls and the methylation level of miR-
30a in the promoter region was remarkably increased. The
opposite results were observed in the expression level of
CALCA, which was significantly elevated in serum samples
from migraine patients. Based on the finding that identified
the target gene of miR-30a, by the TargetScan, showing that
CALCA can bind to mir-30a, the authors proposed that miR-
30a is involved in migraine pathogenesis and that elevation
of miR-30a could potentially suppress the progression of
migraine through the degradation of CALCA [83].

A recent review [31] has highlighted the role of miR-
590-5p in migraine. The authors noticed that miR-590-5p
was a commonality among the miRNAs that are dysregu-
lated in a human migraine attack and those that are dys-
regulated in mouse models of different pain conditions.
In a complete Freund’s adjuvant model in mice, this par-
ticular miRNA has been modulated by celecoxib, a cyclo-
oxygenase-2-selective non-steroidal anti-inflammatory drug
(NSAID), when it was used to provide evidence on the utility
of circulating miRNAs as biomarkers of drug response [93].
Celecoxib could reverse downregulation of mmu-miR-211,
mmu-miR-411, and mmu-miR-342-5p. Another study [134]
reported that mmu-miR-342-5p suppressed Aktl and con-
sequently induced pro-inflammatory mediators nitric oxide
synthase 2 (Nos2) and interleukin (IL)-6 via upregulation of
mmu-miR-155. Celecoxib also upregulated the expression
of mmu-miR-1904, mmu-miR-1969, mmu-miR-196a, mmu-
miR-337-5p, and mmu-miR-590-5p [93]. Interestingly, miR-
590-5p in human is dysregulated in CRPS [82], which is pro-
posed to have a link with migraine. Therefore, perturbation
of miRNAs can be identified in co-morbid disorders or could
have the potential to evaluate the efficacy of drugs. Based
on these data, the authors proposed that miR-590-5p could
be an interesting candidate with a double meaning: while it
can be a biomarker of general pain, including migraine, it
can also serve as a marker to evaluate relevant drug efficacy
[31]. Indeed, a role for miRNAs has long been proposed
in relation to drug efficacy [135]; for example, the litera-
ture shows investigations in this field for Toll-like receptors
(including TLR7) and TRPA1 [136, 137]. Besides an inves-
tigation in relation to drug efficacy, miRNAs have also been
reviewed for their role in therapy resistance [138]. Currently,
most of the pharmacogenomics knowledge regarding miR-
NAs is focused on their response to chemotherapeutics for
cancers; however, it would be valuable to investigate phar-
macogenomic sets of miRNA—gene—drug relationships for
pain and migraine. For example, a pharmacogenomic set of
miRNA-monoamine oxidase A (MAOA)—cytochrome P450

(CYP) 1A2—triptans would potentially be valuable for tailor-
ing the choice of triptan for migraine [31]. Hypothetically,
each abortive or prophylactic agent for migraine could influ-
ence the pattern of miRNAs and hence it might be possible
to estimate efficacy or drug resistance in patients [31]. This
concept can also be tested for non-drug interventions. For
example, a group of researchers observed that 6 weeks of a
biphasic ketogenic diet could influence circulating miRNAs
linked to energy metabolism [139]. In this study, six females
reported an improvement in their migraine, and the investi-
gators analyzed miRNAs associated with pain-migraine as
well. They found that has-miR-590-5p and hsa-miR-660-3p,
which are involved in cytokine signaling, were strongly
affected by the ketogenic diet. The authors concluded that
the diet, potentially thought to modulate miRNAs, could
contribute by counteracting neuroinflammation to improve
migraine pain [139]. Neurogenic inflammation has been pro-
posed in pathogenesis of migraine [138—143] and, recently,
migraine with aura has been imaged in patients to show the
association of neuroimmune activation and neuroinflamma-
tion in support of a link between cortical spreading depres-
sion and glial activation [142].

The occurrence of migraine headache in children, or
pediatric migraine, ranges from 3% in younger children to
approximately 20% in adolescents [144]. It is disabling and
can be difficult to diagnose [145] and manage [146]. Hence,
finding biomarkers in the pediatric population would poten-
tially have high value. A recent study [147] has looked into
miRNAs as biomarkers of migraine in children. In this
study, expression of hsa-miR-34a-5p and hsa-miR-375 in
the serum and saliva of participants with migraine without
aura (some of whom were on pharmacological treatments)
was assessed in comparison with a healthy matched control
group. The qRT-PCR method was used to determine miR-
NAs. In order to identify genes as target of the identified
hsa-miRNAs (i.e., hsa-miR-34a-5p and hsa-miR-375), in
silico analysis was performed in this study. Levels of hsa-
miRs in blood and saliva were comparable based on findings
from the qRT-PCR. In untreated migraine patients without
aura, hsa-miR-34a-5p and hsa-miR-375 were expressed at
higher levels than controls using saliva samples. In treated
patients, a significant decrease of hsa-miR-34a-5p and hsa-
miR-375 was evident in saliva and blood when compared
with samples from untreated patients. This study had been
designed based on a rationale for selection of miRNAs and
used has-miR-34a-5p, which had shown increased expres-
sion in adult patients with migraine [86]. Also, hsa-miR-375
has been reported to play a role in cancer and metabolic,
immune, and inflammatory diseases [148]. The concept of
non-invasive collection of bio-fluid samples from special
populations such as children also led the researchers in this
study to collect saliva samples. Their findings presented,
for the first time, elevated expression of hsa-miR-34a-5p
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and hsa-miR-375 in both the serum and saliva of untreated
children with migraine compared with controls and treated
children [147]. Findings from the comparison between drug
and no-drug groups in this study also indicated a possible
role of hsa-miR-34a-5p and hsa-miR-375 as biomarkers for
the prediction of therapeutic response, in line with previ-
ous reports that miRNAs could be relevant as indicators of
drug response [135]. Medications in this study included
short-term NSAIDs and long-term magnesium [147]. In
addition, this study, for the first time, presented expres-
sion of miRNAs in saliva samples that could be considered
as a potential peripheral milieu for an indirect readout of
migraine pathogenesis. Although this pilot study had some
limitations, namely limited sample size (specifically in
the control group), as also has been acknowledged by the
authors, it elegantly demonstrated that hsa-miR-34a-5p and
hsa-miR-375 could be considered as biomarkers of disease
and drug efficacy in children with migraine without aura
and that saliva could be used to monitor these biomarkers
[147].

Taken together, these studies (see Table 2) highlight that
investigating miRNA patterns in migraine has definitely
enhanced our understanding of the pathogenesis of migraine,
but has also opened up the possibility of considering these
cellular markers for the diagnosis, subclassification, origin
determination, identification of co-morbid conditions, and
monitoring of therapeutic treatments and dietary factors in
migraine.

3 Conclusion and Future Perspectives

There is no doubt that discovery of miRNAs has revolution-
ized our understanding of health and disease. miRNAs are
proving to be useful tools in a vast range of applications
in the medical field. Advancement of technology over the
years has permitted higher quality and validity in profiling
miRNAs, with lower expenses and in a diverse range of bio-
materials. Research in miRNAs is an active field, ranging
from diagnosis to treatment of a number of human diseases,
including chronic pain conditions and migraine. Research-
ers are providing useful evidence on the value of miRNA
signatures, including prediction of the ‘at-risk’ population,
diagnosis, patient stratification, and follow-up of respond-
ers to treatments. Future clinical trials can use these find-
ings, e.g., when a study is being designed or for inclusion of
patients in trials, or even when data obtained from trials is
being analyzed. Biomarker-based clinical trials are emerging
and biomarker-based drug discovery based on CGRP has
already been successful in migraine [25, 149]. Identifica-
tion of the important role of miRNAs in determining drug
efficacy is a highly valuable step towards precision medicine
and identification of adverse events, therapeutic off-targets,
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and drug resistance while potentiating effective therapeutic
strategies. In addition, elucidating the mechanistic signifi-
cance of miRNA alterations could be an indirect marker of
drug adherence for certain treatments [96]. Non-pharma-
cological modulation of chronic pain and migraine might
also benefit from miRNA investigation, such as vagal nerve
stimulation, acupuncture, and biofeedback. For example,
miRNA response to acupuncture in rats with hypertension
has shown promising results [150]. Studying co-morbidities
of migraine, e.g., cardiovascular diseases, would also be
advanced using miRNAs [73].

miR-27b has been found to be overexpressed in female
migraine patients without aura [84], and miR-34a-5p and
miR-382-5p have been found to have high serum levels dur-
ing migraine attacks [86]. miRNAs as potential targets for
treatment of atherosclerosis, diabetes, and migraine—based
on studies on the effects of specific antagomir in experi-
mental models—have been reported by Tana et al. [73],
including miR-92a, miR-208a, miR-21, and miR-103/107.
However, information on the therapeutic role of miRNAs,
drugability of miRNAs, and modulatory effects of current
abortive and prophylactic agents on miRNAs in migraine
has just started to appear and more studies are required to
gain further knowledge in this field. A recent mini-review
has elegantly listed clinical research studies of miRNAs as
medical intervention drugs for a range of conditions, includ-
ing wound healing, hepatitis, liver and other cancers, and
heart failure [76]. Therefore, it is not unlikely to expect a
future landscape of miRNAs not only as biomarkers but also
as therapeutics in pain and headaches. It is expected that
human trials in the future will expand the epigenetic targets
to focus on [76].

miRNAs can be extracted from almost every body tissue
and bio-fluid [151]. A Human miRNA Tissue Atlas (http://
www.ccb.uni-saarland.de/tissueatlas) has been created [151]
that contains miRNA profiles from lung, prostate, gastric
tissue, whole blood, fractioned blood cell isolates, serum,
plasma, urine, and saliva. The current version of this web-
based repository hosts 982 full miRNomes, which are all
measured using the same microarray technology [151]. This
platform is not only valuable for studying miRNA biomark-
ers but also presents cell or tissue specificity for some of
those biomarkers [151]. The studies available for migraine
have so far utilized blood-based miRNAs including serum
and plasma, periosteum, and saliva. Recent literature on
the use of saliva for studying biomarkers of pain [152] and
miRNAs in children with migraine [147] emphasizes that
salivary biomarkers might be highly relevant in migraine.
miRNAs have been shown to be expressed in saliva with
high stability, and therefore might be ideal biomarker can-
didates [31]. In healthy humans, salivary miRNA profiles
measured with high-throughput sequencing has shown high
reproducibility. When miRNA content was assessed in 12
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Table 2 Current literature on microRNA aberrations in migraine

Study (year) Condition Results of miRNA(s) profiling Sample
Andersen et al. (2014, Migraine (adults) (1) miR-34a-5p and miR-382-5p during 24 migraine patients, age- and sex-matched
2016) [86, 122] migraine attacks controls; serum
(1) miR-382-5p in migraine pain-free periods
Vila-Pueyo et al. (2014)  Migraine (adults) Lack of differentiated miRNA expression 20 migraine patients (EM and CM), with and
[123] without aura), 5 best age- and sex-matched
controls; PBMCs
Burstein et al. (2014) Migraine (adults) 27 of 726 miRNAs were differentially CM patients and healthy controls; periosteum
[133] (see also Perry expressed in periosteum samples in migraine tissues
etal. [132]) patients (data are not available from the meet-
ing abstract)
(1) 25 genes encode pro-inflammatory proteins
() 11 genes involved in anti-inflammatory
process
Tafuri et al. (2015) [84]  Migraine (adults) (1) miR-27b Migraine without aura (15 females), matched
({) miR-181a, let-7b, and miR-22 healthy controls; exosomes isolated from
plasma, PBMCs

Tana et al. (2017) [73] Review (1) miR-27b in migraine patients [84] miRNA profiling in atherosclerosis, diabetes

(1) miR-34a-5p and miR-382-5p during mellitus, and migraine
migraine attacks [86]

Gallelli et al. (2017) [31] Review (1) miR-590-5p in migraine Migraine and co-morbid conditions, transla-
tional studies and commonalities between
animal and human, predictors for drug
response

Cheng et al. (2018) [85]  Migraine (adults) (1) miR-155, miR-126, and let-7 g in EM 30 migraine patients with and without aura,

patients, interictal phase without vascular risk factors, sex- and age-
miR-155 and miR-126 associated with syn- matched healthy controls; plasma
cope frequency in the past year in migraine
patients
No significant difference in expression of
miRNA levels in migraine patients with and
without aura
Zhai and Zhu (2018) [83] Migraine (adults) (1) miR-30a expression in migraine patients Migraine patients and healthy controls; blood
(could potentially suppress the progression samples
of migraine through the degradation of calci-
tonin/alpha-CGRP gene)
(1) Methylation level of miR-30a in promoter
region
Cannataro et al. (2019) Migraine (adults) ({) has-miR-590-5p and hsa-miR-660-3p by 6 females with improvement in migraine fol-

[139] the ketogenic diet
Gallelli et al. (2019) Pediatric migraine (1) hsa-miR-34a-5p and hsa-miR-375 in
[147] untreated patients without aura compared

with controls and treated patients

Migraine Research Foun- Migraine (adults)  Differentially expressed miRNAs in PBMC of
dation report (2019) EM and CM patients compared with healthy
[124] controls (data are not available from the inter-

view report):

5 significant differentially expressed miRNAs
(not reported) between healthy controls and
all migraineurs (CM + EM)

10 (not reported) between controls and CM

8 (not reported) between controls and EM

lowing 6 weeks of biphasic ketogenic diet
Children with migraine without aura (some
on pharmacological treatments), a healthy
matched control group; serum and saliva
Migraine patients (EM and CM, with and
without aura), healthy controls (best
matched for age, sex)

CGRP calcitonin gene-related peptide, CM chronic migraine, EM episodic migraine, miRNA (miR) microRNA, PBMCs peripheral blood mono-

nuclear cells, 1 indicates increase, | indicates decrease
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human body fluids, it was demonstrated that saliva, breast
milk, and seminal fluid contain the highest content. Interest-
ingly, some of the most abundantly expressed miRNAs in
saliva are found to be involved in inflammation and in the
response to neuronal injury. A recent study [153] has looked
into salivary miRNAs for concussion; it investigated the
ability of salivary miRNAs to predict the duration and char-
acter of concussion symptoms. If salivary miRNA represents
an easily measured, physiologically relevant, and objective
biomarker with clinical potential in pain [152] and migraine
[147], future studies would greatly benefit from integrat-
ing it into research and clinical practice. Ideally, in-office
or home-based collection of saliva using a simple technique
may provide a point-of-care tool that can offer individual-
ized treatment plans [154]. Certainly, additional studies vali-
dating these results in larger cohorts are needed [147, 154]
to also explore confounding variables on salivary miRNA
expression, patterns of salivary miRNA in longitudinal stud-
ies, and investigate salivary miRNA patterns considering
age and sex.

We may still need to know more about the tissue-specific
function of miRNAs [58] and mechanisms that regulate
post-transcriptional miRNA production [155]. It should
also be remembered that a set of biomarkers will provide
a better multidisciplinary approach towards prevention or
treatment. Application of miRNAs together with neuroimag-
ing, electrophysiology, and clinical examination, along with
comprehensive patient reports, may provide a powerful tool
that accurately leads to diagnosis and correct choices in
treatment strategies for patients.

The available data from miRNA profiling, miRNA drug
discovery, and their current status in clinical trials, and the
potential for utilization of these in research and clinical prac-
tice, are highly promising, and diagnostic and interventional
approaches will also continue to evolve [76]. A wide range
of molecular-based tests are already available; however,
alternative technologies aimed at exploring genome com-
plexity without PCR are anticipated to gain momentum in
the coming years, as sequencing devices are expected to be
less expensive in the future [156]. Furthermore, develop-
ment of integrated silicon chips mounted with biomolecules
is going to change the concept of the traditional wet lab to
that of a lab-on-a-chip [156]. The overall prediction is that
miRNA-based prevention and treatment of most human dis-
eases will have broader applications in the near future, and
migraine is not an exception to this.
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